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PROGRESS IN STUDY OF MOTOR-VEHICLE 
PASSING PRACTICES 


BY THE DIVISION OF HIGHWAY TRANSPORT, PUBLIC ROADS ADMINISTRATION 


Reported by O. K. NORMANN, Associate Highway Economist 


NOWLEDGE of the manner in which highways 
K are used is a prerequisite to improving their design 
so that they will more adequately serve highway 
users. A study of passing practices of motor vehicles is 
part of a research program recently initiated by the 
Public Roads Administration to supply information on 
the normal driving habits of vehicle operators. 
During the fall of 1938 studies of the passing practices 
of motor vehicles were conducted on four sections of 
highway in Maryland and Virginia with special equip- 
ment developed by the Public Roads Administration. 
A report describmg in detail the methods and equip- 
ment used, and the purposes of the passing-practice 
studies, has been published.” 
In cooperation with State highway officials, studies 


were conducted durimg the summer of 1939 in Massa- | 


chusetts, Ohio, and Illinois, and studies are now being 
conducted in Texas. The program also includes studies 
in California and Oregon next spring. Upon comple- 
tion of the field work, data will be available for normal 


passing practices under a wide variety of road condi- | 


tions, geographically distributed to include any major 
differences in driving habits. 


There has been so much interest manifested wherever | 


the equipment has been in operation that, in addition to 
supplying most of the personnel for the field work, dif- 
ferent State officials have felt that the mformation 
obtained will be of such immediate value to them that 
they have desired to supply the personnel necessary for 
a complete analysis of the data. 

Several improvements have been made in the equip- 
ment to reduce the time required to install it on the 
study sections and to permit operation at night and on 
rainy. days. The most important improvement has 
reduced the amount of work required in transcribing 
the field records. This is the major item of expense in 
the studies and has been reduced to less than two-thirds 
of its former cost. 

The detailed data for 1,635 passing maneuvers re- 
corded during 37% hours of operation on the four study 
sections in Maryland and Virginia are now ready to be 
placed on tabulating machine cards prior to starting 
the comprehensive analysis. Although these 1,635 
passings are hut a small portion of the total number 
that will be obtained during this study, they will be 
used to illustrate the method of analysis and some of 
the facts with respect to passing practices and driver 
behavior that are being obtained. 


OVER HALF OF PASSINGS ACCOMPLISHED BY MULTIPLE 
MANEUVERS 


The first classification of the passing maneuvers was 
made by separating them into the single- and multiple- 
passing types. In the single-passmg maneuvers, one 
vehicle passed one other vehicle, while in the multiple- 
passing maneuvers, two or more vehicles either passed 
or were passed by one or more vehicles. 

1 Paper presented at the Nineteenth Annual Meeting of the Highway Research 
Board, December 6, 1939. 


2 Procedure Employed in Analyzing Passing Practices of Motor Vehicles, by E. 
H. Holmes, PUBLIC ROADS, vol. 19, No. 11, January 1939. 
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| plished by multiple maneuvers. 





Table 1 shows that 57.3 percent of the passings were 
accomplished by multiple maneuvers although there 
were only about half as many multiple maneuvers as 
there were single maneuvers (one vehicle passing two 
other vehicles accounts for two passings). These 
figures illustrate the importance of including im a study 
of passing distances and practices a study of multiple- 
passing maneuvers as well as single-passing maneuvers. 


TABLE 1.—Types of passing maneuvers observed (average traffic 
volume 875 vehicles per hour) 














| fs 7 Je Cc - 
Type of maneuver apace F “plished 
| Num- Num- | 

ber | Percent ber Percent 

Singles. ee ee ee ee et Solem by O96 67.0 1, 096 | 42.7 
Multiple: 

1 vehicle passing 2 vehicles ___________-___- d 181 i a 362 14.1 

2 vehicles passing 1 vehicle___._____..-_.___- 161 9.8 322 12.6 

1 vehicle passing 3 vehicles._._..__.________- 63 3.9 189 7.4 

2 vehicles passing 2 vehicles_____._._____- 2 42 2.6 168 | 6.5 

3 vehicles passing 1 vehicle._______________- 30 1.8 90 | 3. 5 

1 vehicle passing 4 to 6 vehicles___._________ 31 1.9 136 | 5.3 

2 vehicles passing 3 to 5 vehicles__.___________ 13 .8 102 4.0 

All other multiple passings_________________ 18 NER! 99 3.9 

Totalmultiplessssee sees a ee ees 539 33. 0 1, 468 57.3 

(Grand totale | eee ee eee Bee: 1, 635 100.0 | 2, 564 100. 0 

















The most important multiple-passing maneuvers are 
those in which one vehicle either passes or is passed by 
two vehicles. They compose 63.5 percent of the multi- 
ple maneuvers and 46.6 percent of the passings accom- 
Three vehicles passing 
four other vehicles was the most complicated multiple- 
passing maneuver recorded. 

Figure 1 shows, for various hourly volumes, the per- 
centage of the total number of maneuvers and passings 
accomplished by multiple-passing maneuvers. At an 
hourly traffic volume of 200 vehicles, 35 percent of the 
total passings were accomplished by multiple maneu- 
vers. At traffic volumes above 450 vehicles per hour, 
this figure exceeds 60 percent. 

Figure 2 shows the average number of maneuvers and 
passings observed per hour on the four half-mile study 
sections during various hourly traffic volumes. As ex- 
pected, there is a marked increase in the number of 
passings as the volume increases. These are the num- 
ber of passings accomplished per hour and not the num- 
ber of passings that would have been made had all 
vehicle operators that desired to pass been able to 
make passing maneuvers. 

One vehicle usually passes another vehicle because 
the driver wants to travel faster than the other vehicle 
is moving. Within the half-mile study section it was 
generally. possible to determine the speed that the driver 
of the passing vehicle desired to travel by noting his 
speed either before slowing down prior to making the 
passing maneuver or after the maneuver was completed. 

Table 2 shows that in 55 percent of the passings the 
passed vehicle was traveling from 31 to 40 miles per 
hour. The speeds of the passed vehicles in nearly all 
of the remaining passings were almost equally distrib- 
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Figure 1.—PERCENTAGES OF ToTAL PassInc MANEUVERS AND 


ToraL Passinas THart WERE ACCOMPLISHED BY MULTIPLE- 
Passina MANEUVERS AT VARIOUS TRAFFIC VOLUMES. 


uted between the 21 through 30 and 41 through 50 
mile-per-hour groups. 

This table also shows that 51.4 percent of the drivers 
that passed desired to travel less than 11 miles per hour 
faster than the passed vehicle and that the desired speed 
of 21.2 percent was less than 6 miles per hour faster. 
There is a marked decrease in the average difference 
between the speed of the passed vehicle and the desired 
speed of the passing vehicle as the speed of the passed 
vehicle increases. Beside showing the frequency dis- 
tribution of the speeds of passed vehicles, these data 
indicate that drivers desiring to travel at a slightly 
higher speed than the vehicle ahead would rather pass 
the preceding vehicle when the opportunity presents 
itself than reduce their speed slightly and stay behind. 


TasLE 2.—Single passings classified by the speed of the passed 
vehicle and the desired speed of the passing vehicle 





Speed of passed vehicle in miles per hour 
Desired speed of passing vehicle 
in miles per hour faster than 
speed of passed vehicle 20 and 91-30 
Wunder || =e 
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20. 6 14. 2 10.4 8.6 Hae 10.9 























Of all the drivers that were able to accomplish single 
passing maneuvers on the study sections, table 3 shows 
that 84.4 percent had to slow down before they could 
start to pass; 53.7 percent slowed down to practically 
the same speed as the vehicle they were going to pass, 
and 16 percent slowed down to within 5 miles per 
hour of the speed of the vehicle they were going to 
pass. About one-third had to slow down and stay 
behind the preceding vehicle until they could see that 
the road was clear for a sufficient distance ahead to 
permit them to pass, and 50.9 percent had to slow down 
and wait for an oncoming vehicle to pass before they 
could start the passing maneuver. The other 15.6 
percent were not required to slow down prior to start- 
ing the maneuver. They may have had to slow down 
after completing the maneuver but they started the 
maneuver at their normal speed. 

When the drivers of the passing vehicles had com- 
pleted the passing maneuvers and returned to the 
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Figure 2.—Torat NuMBER or MANEUVERS AND PASSINGS 


ACCOMPLISHED PER Hour on %-MiLe Srupy SECTIONS AT 
Various Hournty TRAFFIC VOLUMES. 


right-hand lane, table 4 shows that the left lane was 
clear for a distance of less than 500 feet in 27 percent 
of the passings and that there was an oncoming vehicle 
less than 500 feet away in 16.8 percent of the passings. 
The data for the passings in which the passing vehicle 
was not forced back into the right lane by oncoming 
traffic or limited sight distance may not be very useful 
in determining minimum passing distances, but they 
will show actual driving practices during unrestricted 
conditions. Driving practices during unrestricted as 
well as restricted conditions must be known when 
designing highways to fit the normal driving habits 
of vehicle operators. 


TaBLE 3.—Percentage of vehicles making single-passing maneu- 
vers that were delayed before starting to pass (average traffic 
volume 3875 vehicles per hour) 























Delayed | Delayed 
by in- by on- 
sufficient : Total 
; coming 
sight hicle 
distance | V® 
Percent Percent | Percent 
Slowed down to same speed as vehicle to be passed_ 18.0 35. 7 53.7 
Slowed down to within 5 miles per hour of the speed 
ofthe wehicie:to,bexpassed 2222= — = eee eee 6.6 9, 4 16. 0 
Slowed down, but not to within 5 miles per hour of 
speed of vehicle to be passed___.----_-1-___2__-_=_ 8.9 5.8 14.7 
Total delayed in starting maneuver__._._____- 33.5 50. 9 84.4 
Total not delaved in starting maneuver_______ Pe) etre Bao Py pegs Pe 8 Fs 15.6 
wa eee 2 Lee 100. 0 





TaBuLe 4.—Distance that drivers of passing vehicles could see that 
left lane was clear at the time the passing maneuver was completed 
(average traffic volume 375 vehicles per hour) 














Sight dis- | Oncom- 
Distance that left lane was clear (feet) tance limit-| ing car Total 

ing factor | in view 
Percent Percent | Percent 
Less than 500 Se 2e ee ee aes eee Pe ere nn Se ee 10. 2 16.8 27.0 
500 G0: 1000/35. eeiee eee ee Soe Pe eee 19.0 16.0 35. 0 
Over 1,000.8 6 See ee ere ey oe AS eee: 30. 5 7.6 38. 0 
hots tack eo ane see Sane oe 59. 7 40.3 100. 0 








ILLUSTRATION OF DATA OBTAINED FOR PASSING MANEUVERS 


The data obtained for each passing maneuver are 
illustrated by figures 3 to 9 inclusive, each representing 
one of seven critical positions. All speeds, distances, 
time intervals, and relative positions of each vehicle 
with respect to the other vehicles as shown in these 
figures were obtained from the data sheet for one 
passing maneuver. 
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Freure 3.—CrriricaL Posirions AND SPEEDS OF VEHICLES AT START OF Passtna MANEUVER. 
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Fiqure 4.— CrivicaL Posirlons AND SPEEDS OF VEHICLES AT SECOND STAGE OF Passing MANEUVER. 


Similar data have been compiled for the 1,635 ma- 
neuvers recorded on the study sections in Maryland and 
Virgiaia and also for 500 of the maneuvers recorded 
during the Massachusetts studies. It is not intended 
that this much detail be obtained for all the thousands 
of passings that will have been recorded when the 
scheduled field work is completed, but the factors that 
appear to be the most important as the analysis pro- 
gresses will be taken from the field records for enough 
maneuvers to obtain a representative sample of each 


type of maneuver at a series of speeds for each available 
road condition. 

Figure 3 shows the position of each vehicle that is 
likely to affect the manner in which the passing ma- 
neuver is made. At this instant, vehicle No. 3 starts 
to accelerate in order to pass vehicle No. 2 and possibly 
the four vehicles ahead of vehicle No. 2, the closest 
one being vehicle No. 1, a distance of 120 feet ahead of 
No. 2. All dimensions between vehicles represent the 
distances between the front of vehicles. Vehicles Nos. 
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Figure 5.—CRriItTiIcaL PosirIons AND SPEEDS OF VEHICLES AT THIRD STAGE OF Passing MANEUVER. 
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Figure 6.—CriticaL Posirilons AND SPEEDS OF VEHICLES AT FourtTH STAGE oF Passtinc MANEUVER. 


4 and 5 are oncoming vehicles in the opposing lane of 
traffic, No. 4 being the vehicle met by No. 3 before 
encroaching on the left lane, and No. 5 being the first 
oncoming vehicle met by No. 8 after completing the 
maneuver. ‘The space between No. 4 and No. 5 repre- 
sents the “hole” available in the opposing lane of 
traffic. 

At the top of figure 3 is shown the speed of each of 
the five vehicles over the portion of the study section 
traversed up to this point. Vehicle No. 3 entered the 
section traveling about 40 miles per hour but has been 


required to slow down to 31 miles per hour, the ap- 
proximate speed that No. 2 has maintained. (Table 
3 indicated that 53.7 percent of the observed passing 
maneuvers were started after the passing vehicle had 
slowed down to the same speed as the vehicle to be 
passed. ) 

The data sheets for another passing maneuver indi- 
cate that vehicle No. 1 has just finished passing No. 2 
and has also slowed down to a speed of about 31 miles 
per hour. Vehicle No. 4 is approaching at a speed of 
31 miles per hour and No. 5 at a speed of 42 miles per 
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FiguRB 7.—CRITICAL POSITIONS AND SPEEDS OF VEHICLES AT FirtH Stace or Passing MANEUVER. 
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Fiagurs 8.—CRITICAL POSITIONS AND SPEEDS OF VEHICLES AT SIXTH STAGE OF Passing MANEUVER. 


hour, but No. 5 cannot be seen by vehicle No. 3. 


indicates that the driver has already decided to attempt 
to pass even though No. 4 is still 166 feet away. 

In the second position, occurring 1.7 seconds later 
and shown by figure 4, the fronts of No. 3 and No. 4 
are parallel; No. 3 has accelerated to 36 miles per hour 
and is now 74 feet behind vehicle No. 2. It is immedi- 
ately after this instant that the driver of vehicle No. 3 
has his first opportunity to enter the left lane without 
hindrance from oncoming traffic (vehicle No. 5 still 
being out of sight). 


The 
fact that vehicle No. 3 starts to accelerate at this point | 


In the third position, occurring 1.1 seconds later and 
shown by figure 5, vehicle No. 3 first encroaches on the 
left lane while 63 feet behind vehicle No. 2 and traveling 
7 miles per hour faster than the vehicle to be passed. 

In the fourth position, taking place 2.7 seconds later 
(fig. 6), No. 3 is entirely in the left lane for the first 
time and is still 37 feet behind vehicle No. 2. In the 
meantime vehicle No. 2, which has been traveling at a 
uniform speed throughout the first 900 feet of the 
section, starts to accelerate. The driver evidently 
does not like the idea of being passed or unintentionally 
steps on the accelerator. He cannot accelerate very 
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POSITION 7 (2.6 SECONDS LATER) NO.3 BACK IN RIGHT LANE 


107 FT. > 





IN LEFT LANE At 
650 FT - 10.9 SECONDS 


TOTAL FOR MANEUVER 
800 FT) = 13.7 SECONDS 


ONCOMING VEHICLE TRAVELED 
662 FT - 10.9 SECONDS 


ONCOMING VEHICLE TRAVELED 
834 FT -— 13.7 SECONDS 
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Fiaure 9.—CriricaL Posirions OF VEHICLES AFTER COMPLETION OF Passing MANEUVER AND SPEEDS OF VEHICLES THROUGH 
ENTIRE STUDY SECTION. 


long without hitting No. 1 but he can reduce the space 
between his car and vehicle No. 1 so that No. 3 will 
be required to crowd his way back to the right lane. 
Neither No. 2 nor No. 3 can as yet see the oncoming 
car No. 5. 

Position 5 (fig. 7) occurs 2.9 seconds after position ae 
and the passing vehicle is now even with No. 2 and is 
no longer accelerating. Vehicle No. 2 has decelerated 
a little and the oncoming vehicle No. 5 is now in view. 

From figure 8, representing the sixth position of the 
maneuver, it is seen that the driver of the passing 
vehicle has decided not to try to pass more than one 
vehicle and is now cutting back into the “hole” between 
No. 1 and No. 2. This occurs 2.7 seconds after No. 2 
and No. 3 were parallel. Vehicle No. 3 is traveling 10 
nules per hour faster than vehicle No. 1. 

Figure 9, the seventh position, 2.6 seconds later, 
shows that the passing vehicle completed the maneuver 
when 107 feet from the oncoming car. After returning 

to the right lane, the speed of No. 3 decreased until it 
was below the speed of vehicle No. 1 and then increased 
to the same speed. All vehicles slowed down slightly 
voing around the curve. 


The acceleration and deceleration curve for the 
passing vehicle during the maneuver, as shown in 


figure 9, indicates a maximum acceleration of 2.3 miles 
per hour per second. This is considerably lower than 
a rate that would be assumed in calculating the 
minimum passing distance under similar conditions. 

It required 13.7 seconds or 800 feet to complete the 
maneuver. The passing vehicle spent 10.9 seconds 
and traveled 650 feet in the left lane. The approaching 


vehicle traveled 834 feet during the maneuver and 662 
feet while the passing vehicle was in the left lane. The 
net result of the passing maneuver is that vehicles No. 

2 and No. 3 have reversed their respective positions. 
Beart there are sufficient passing sections and 
“holes” in oncoming traffic along the remaining portion 
of this highway, vehicle No. 3 might be able to pass two 
or three more of the cars of this group before getting to 
the next town, thereby arriving a little sooner than if 
no attempt were made to pass. It may be possible 
for No. 3 to pass all the preceding vehicles in this group 
at the next section of highway with a long sight dis- 
tance, providing oncoming traffic does not interfere. 
Vehicle No. 3 could then continue at the desired speed 
until catching up with the next group of cars and might 
re ieee its destination somewhat sooner than by staying 

nline. It is evident that this section of highway with 
a sight distance of 1,900 feet provided practically no 
relief from restricted travel conditions for this par- 
ticular vehicle. 


MOST PASSINGS STARTED WITH SIGHT DISTANCE OF 
1,000 FEET OR MORE 


Such a detailed analysis of each passing necessaril 
takes more time than it would to obtain only suc 
factors as the average vehicle speeds and the total 
passing distances, but the relative value of the results 
will more than compensate for the increased work. 


There are so many variable factors involved in each } 
passing that it would require almost an unlimited 
number of passings to obtain a representative sample ‘ 


of each type of passing maneuver possible by different 
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Vrnictes To Br Passep Prior to STARTING THE PAssIna 
MANEUVERS ON STUDY SECTION.) 


combinations of variables. As the same variable 
appears in many different types of passing maneuvers, 
a break-down of each passing into its component parts 
will permit a representative sample of each variable 
to be obtained from a much smaller total number of 
passings than if the break-down is not made. The 
raniables may then be recombined to form composite 
passings covering all types. It is in this respect that 
the method of analysis, made possible by the complete 
field records, will differ from other analyses of passing 
distances and practices that have been made. 

The determination of distances involved in a passing 
maneuver is a relatively simple, though laborious, oper- 
ation, but the determination of the effect of highway 
alinement and of driver psychology upon future design 
requirements is far more difficult. Even though sec- 
tions of sufficient sight distance to complete individual 
passing maneuvers in safety are provided, they will not 
serve their purpose unless the drivers take advantage 
of their opportunities to pass. Figures 10 and 11 have 
been constructed from the data for single passings that 
took place at one particular study location, where vehi- 
cles traveling in either direction had maximum and 
minimum sight distances of 1,900 and 200 feet, respec- 
tively. To eliminate a number of variables, only the 
passings In which the passing vehicle started the ma- 
neuver while traveling at the same speed as the vehicle 
to be passed have been used. 

In figure 10, the passings have been classified by the 
maximum distance that the driver of the passing vehi- 
cle could see that the oncoming traffic lane was clear 
at the time he encroached on it. Three of the drivers 
encroached on the left lane when this distance was be- 
tween 1,800 and 1,900 feet; eight encroached when this 
distance was between 1,700 and 1,800 feet, ete. In 
85.5 percent of the passings, the distance was over 
1,000 feet and no maneuvers were started when this 
distance was less than 500 feet. 

Sixteen vehicles encroached on the left lane before 
reaching the point of maximum sight distance. Four- 
teen were within 100 feet of this point and two were 
between 100 and 200 feet away. As the measured 
sight distance decreased to 250 feet immediately before 
reaching the point of maximum sight distance, the driv- 
ers of the 16 vehicles either could see farther than the 
measured sight distance because of unusual vehicle 
construction, or the drivers started the passing maneu- 
vers knowing or hoping that the sight distance would 
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increase While they still had a chance to return to the 
right lane in case an oncoming vehicle came into view. 
All 16 vehicles reached the point of maximum sight dis- 
tance before getting entirely in the left lane. 

The passings in each of these distance groups have 
been divided by a heavy horizontal line into two groups. 
The sight distance limited the distance that the driver 
could see a clear left lane in all the passings above the 
heavy horizontal line. There was an oncoming vehicle 
in sight when the driver encroached on the left lane in 
all the passings shown below the heavy line. In only 
six of the passings did the driver encroach on the left 
lane when there was an oncoming vehicle in view and 
not a passing was started when the driver could see an 
oncoming vehicle within 1,000 feet. With no oncoming 
vehicle In view, passings were started when the sight 
distance was as low as 500 feet but relatively few were 
started below 1,000 feet, there being a marked drop at 
this point. 


OPPORTUNITIES TO PASS NOT UTILIZED TO MAXIMUM EXTENT 


The passings are further classified into two groups as 
determined by whether or not the driver had to wait 
for an oncoming vehicle before starting the maneuver. 
All of the passings that are cross-hatcbed represent 
maneuvers in which the passing vehicle was immediately 
behind the vehicle to be passed upon reaching the point 
of maximum sight distance and could have started the 
passing maneuver immediately. The areas that are not 
cross-hatched represent passings that could not have 
been started at the point of maximum sight distance, 
because the driver had to wait for oncoming traffic to 
pass before encroaching on the left lane. Sixty-one 
(49.2 percent) of the 124 passing that were made could 
have been started immediately upon reaching the point 
of maximum sight distance. In the other 50.8 percent, 
the passing vehicle waited for an oncoming car after 
reaching the point of maximum sight distance before 
starting to encroach. 

This one figure in itself contains an enormous quan- 
tity of information regarding driver behavior. The 
number of drivers that did not attempt’ to pass until 
after reaching a point where the sight distance was con- 
siderably less than it was where they could have started 
to pass is surprisingly large and offers excellent data for 
a study of combined perception and judgment time. 

(Continued on page 237) 


SAMPLE OF DATA OBTAINED IN STUDY OF 
MOTOR-VEHICLE PASSING PRACTICES IN 


ILLINOIS 


By F. N. BARKER, Engineer of Highway Research, Illinois Division of Highways 


COMMON and one of the most annoying condi- 
ya\ tions that tend to reduce the traffic capacities of 
two-lane rural highways is the presence on these 
roads of vehicles moving at slow speeds. Where sight 
distances are restricted, where oncoming traffic is 
heavy, or where other conditions are such that passing 
maneuvers cannot be executed safely, these slow-moving 
vehicles restrict vehicle drivers who wish to travel at 
ereater speeds. Under such conditions passenger ve- 
hicles move slowly because they are compelled to, not 
because of any mechanical limitation of the vehicle 
itself. Motortrucks, however, are often loaded to a 
weight in excess of that which the engine is able to move 
at a reasonable road speed, especially on the steeper 
crades. 

During September and October 1939, the Illinois 
Division of Highways cooperated with the Public 
Roads Administration in conducting studies of truck 
performance on medium and heavy grades, using equip- 
ment developed by the Public Roads Administration 
and described in the January 1939 issue of PUBLIC 


ROADS. These studies were made on typical two-lane | 


roads carrying normal traffic volumes and were con- 
ducted so that the presence of the observers and equip- 
ment had no effect on the performances of the vehicles. 
Detectors spaced at 50-foot intervals over the test 
section were the only part of the equipment visible to 
the drivers. These detectors were small rubber tubes, 


connected through pneumatic switches and electrical | 


circuits to recording instruments. Vehicles passing 
through the course actuated successive pens on ‘the 
instruments, which recorded the time of passage of 
each vehicle through successive segments of the course. 
Travel on each of the two lanes was recorded on 
separate charts, so that a vehicle straddling the center 
line was recorded on both charts. The license numbers 
of commercial vehicles were recorded as they entered 
the course and these vehicles were stopped and weighed 
a considerable distance beyond the section. 

Analysis of the data collected in the Illinois study 
is yet in a preliminary stage. Until this analysis is 
completed for all of the data collected in different 
sections of the State under various conditions of traffic 
und road alinement so as to provide a complete cross 
section of vehicle behavior on grades, and until these 
results are compared with the results of similar studies 
made in other States, no definite conclusions can be 
drawn or recommendations made. It is already ap- 
parent, however, that studies of this nature will ulti- 
mately provide a wealth of reliable data which will be 
useful in establishing design standards and in deter- 
mining reasonable and desirable standards of motor- 
vehicle performance. 

As a demonstration of the type of basic data ob- 
tained in truck performance studies, figure 1 has 
been developed. This is a chart of the passage of a 
typical group of vehicles through a course located on 
U.S. Route 66 ee Edwar dsville, lll., between 3 : 09: 45 
p. m. and 3:14:55 p. m. (a period of 310 seconds) 
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on October 4, 1939. This location was on a 20-foot 
pavement consisting of an 18-foot brick surface, with 
1-foot concrete edges and a light gutter on each side. 
The rate of grade was 6 percent within the limits of 
the course. Conditions were ideal on the day of the 
observations—pavement dry, weather clear, and visi- 
bility excellent. 


PROGRESS OF EACH VEHICLE THROUGH TEST SECTION CHARTED 


For convenience, vehicles ascending the grade are 
numbered on figure 1 in the order of their entrance 
into the section. Opposing vehicles are not numbered 
because there were few of them and their paths through 
the section are easily followed. The vertical scale 
shows the distance the vehicle has traveled from the 
bottom of the grade at the times shown on the hori- 
zontal seale. 

Information readily taken from the chart indicates: 

1. The position of each vehicle at any time with 
respect to any other vehicle on the section at the same 
time, regardless of direction of travel. 

2. The time and point on the course at which each 
vehicle first encroached on the opposing traffic lane, 
the duration of this encroachment in time and distance, 
and the time and point at which the vehicle returned 
to the proper lane. 

The speed of each vehicle through each 50-foot 
section of the course (indicated by the slope of the 
line representing the progress of the vehicle). 

4. The acceleration or deceleration of each vehicle 
through any portion of the course (indicated by the 
rate of change of the slope of the line representing the 
yvehicle’s progress). 

Vehicle No. 1 was a tractor-truck semitrailer com- 
bination with a manufacturer’s rated capacity of 1} 
tons and a gross weight of 16,500 pounds. This com- 
bination entered the course at 20 miles an hour, but 
slowed to about 5% miles an hour at 450 feet, or after 
25 seconds of travel onthe course. This speed gradually 
decreased to 4.9 miles an hour at which speed the vehicle 
left the test section. 

Vehicle No. 2, which was a passenger car following 
this combination as it entered the course, crossed into 
the opposing traffic lane after traveling 250 feet on the 
course, with the apparent intention of passing vehicle 
No. 1. An oncoming vehicle prevented this maneuver 
so that vehicle No. 2 was forced to return to its proper 
lane. The driver of the oncoming vehicle decreased 
his speed appreciably until he was certain that the 
dirver of vehicle No. 2 had abandoned his attempt to 
pass, after which he accelerated and left the course at 
30 miles an hour. After meeting the descending 
vehicle, the driver of vehicle No. 2 accelerated to a 
speed of 25 miles an hour, passed vehicle No. 1, and 
left the course at a speed of 35 miles an hour. During 
this passing maneuver vehicle No. 2 encroached on the 
opposing traffic lane for a distance of 205 feet. 

Vehicle No. 3 was a tractor-truck semitrailer com- 
bination, with a manufacturer’s rated capacity of 2 tons 
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and a gross weight of 17,000 pounds. This vehicle 
entered the course at 18 miles an hour, but after travel- 
ing about 450 feet its speed had decreased to 5 miles an 
hour, which was approximately maintained throughout 
the remainder of the course. 

Vehicle No. 4, a passenger car, passed this combina- 
tion after following it for about 475 feet on the course 
but was prevented by oncoming vehicles from passing 
vehicle No. 1. Vehicle No. 4 was forced, therefore, to 
follow vehicle No. 1 out of the course at a speed of about 
5 miles an hour. 

Vehicles Nos. 6 and 7 were successful in passing 
vehicles Nos. 5 and 3, vehicle No. 7 accomplish ng this 
on the second attempt, but both were prevented by 
oncoming traffic from passing vehicles Nos. 1 and 4. 
It is apparent from the varying slope of the charted 
course of vehicle No. 6 that the driver considered 
abandoning his attempt to pass, but accelerated and 
completed the maneuver. It is interesting to note the 
small clearance between vehicle No. 6 and the oncoming 
vehicle as the former passed vehicle No. 5. The 
vertical distance between the upper end of the dotted 
section of his path as he passed vehicle No. 5 and the 
position of the oncoming vehicle at the same time indi- 
cates that vehicle No. 6 returned to its own lane with 
only about 100 feet of clearance from the oncoming 
vehicle. 

The remaining ascending vehicles numbered 8 to 17, 
which entered the section during the period of observa- 
tion covered by the chart, were all prevented by 
oncoming traffic from passing any of the vehicles ahead 
of them and were forced to follow in line behind vehicle 
No. 3 at its speed of about 5 mites an hour. 

205032—40——2 





Vehicles Nos. 15 and 16 are the only ones recorded 
on this diagram entering the course at speeds which 
were apparently unrestricted by preceding vehicles 
or heavy loads. For vehicle No. 15 this speed was 
44 miles an hour and for vehicle No. 16 the speed was 
36 miles an hour. These are reasonable speeds for 
this location and it may be assumed that they are the 
speeds the drivers of these two vehicles desired to 
maintain throughout the course. As they approached 
the line of vehicles following vehicle No. 3, however, 
they were forced to decelerate to a speed approximating 
that of vehicle No. 3. 

Pictures were taken of vehicles on the test section at 
points on the time axes designated “AA” and “BB” in 
figure 1. Figure 2 shows the vehicles at the instant 
designated “AA” and figure 3 the vehicles at “BB.” 
These two photographs show a condition that is fre- 
quently encountered on sections having short sight 
distances, that of a group of vehicles which have 
accumulated behind a slow-moving vehicle and are 
prevented from passing by inadequate sight distances 
or oncoming traffic. In figure 2, vehicle No. 15 is the 
last car in line, while in figure 3 vehicle No. 17 is catch- 
ing up with the group of vehicles ahead. 


SEVERAL REMEDIES AVAILABLE TO RELIEVE SUCH CONGESTION 


Two of the five commercial vehicles included in 
figure 1, vehicles Nos. 1 and 138, did not carry Illinois 
registration plates. Vehicle No. 1 was obviously 
loaded in excess of the weight that would allow a 
reasonable performance on this grade, but vehicle 
No. 13 carried a load well within its capacity. Exam- 
ination of the charted path of this vehicle through the 
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FiGguRE 2.—VEHICLES (CLIMBING HILy at ee DESIGNATED 
“AA” IN FIGURE 1 


course indicates that the driver desired to proceed up 
the grade at a higher speed than that which he was 
forced to maintain. At a point 525 feet from the start 
of the course vehicle No. 13 moved into the opposing 
traffic lane and accelerated in an attempt to pass the 
two vehicles ahead. Oncoming traffic prevented the 
passing maneuver and vehicle "No. 13 was forced to 
remain in line. 

Trucks are registered in Illinois according to gradu- 
ated gross weight classifications. There is no restric- 
tion other than the higher fee which would tend to 
discourage registration of a vehicle of low weight carry- 
ing capacity in a high weight classification. Vehicles 
Nos. 3 and 5 carried consecutive Illinois license numbers, 
which would indicate they were probably registered by 
the same owner. Both carried loads within their legal 
classification, as they were licensed to operate in IIlinois 
with a total gross weight of 24,000 pounds. Neverthe- 
less, it is obvious that they were both overloaded insofar 
as their ability to perform satisfactorily on this grade 
was concerned. These two vehicles traveled several 
hundred feet on the section with a space between vehi- 
cles of less than 40 feet. For only a very short distance 
at the beginning of the section did they travel at the 
300-foot spacing required by the Illinois Uniform Act 
Regulating Traffic on Highways. 

Vehicle No. 8, although carrying a gross weight of 
26,800 pounds, was also operating within its legal 
classification of 40,000 pounds gross weight. 

From the data presented in figure 1 it may be 
concluded: 

1. That the performances of the tractor-truck semi- 
trailer combinations designated as vehicles Nos. 1 and 3 
were not satisfactory under the loading and highway 
conditions under which they were operating. The same 
is true of vehicles Nos. 5 and 8, although this is not so 
strikingly apparent from an examination of the chart. 

2. That the extremely slow speeds at which vehicles 
Nos. 1 and 8 ascended the grade resulted in inconveni- 
ence and delay to a number of vehicles which were 
forced to follow them through the test section. 

3. That drivers of vehicles Nos. 5 and 8 violated the 
Illinois statute requiring that aren vehicles 
traveling on rural highways maintain an interval 
between vehicles of not less than 300 feet. 

4. That at least one peas maneuver, that when 
vehicle No. 6 passed No. 5, was executed under hazard- 
ous conditions. 








Figure 3.—VEHICLES CLIMBING HIuu at INSTANT DESIGNATED 
“BB” In Figure 1. 


5. That at least three of the drivers of passenger 
vehicles included in this group desired to travel through 
the course at a speed of 35 to 45 miles an hour. 

There are a number of possible remedies which might 
be suggested to provide a less restricted movement of 
vehicles over this section of highway. A third lane 
might be constructed for the use of slow-moving ve- 
hicles; the grade might be reduced so that heavily 
loaded vehicles could maintain a more reasonable 
speed; or the loading of vehicles might be limited so 
that with their available power a satisfactory per- 
formance would be obtained. The same remedies 
might be applied to numerous locations throughout 
the State, but until analysis of all available data relat- 
ing to the problem is completed, and these data are 
carefully considered by highway officials, no recom- 
mendations can be made. 


PUBLICATIONS ON BRIDGE FLOOR DESIGN 
AVAILABLE 


Three new publications that present the results of 
tests made to verify theoretical analyses of bridge floor 
designs are now available. These publications, all 
University of Illinois Bulletins, are No. 313, “Tests of 
Plaster-Model Slabs Subjected to Concentrated 
Loads;” No. 314, ‘Tests of Reinforced Concrete Slabs 
Subjected to Concentrated Loads;? and ¢Nowes toy 
“Moments in Simple Span Bridge Slabs with Stiff- 
ened Edges.’”? The bulletins are the result of a coop- 
erative investigation by the Engineering Experiment 
Station of the University of Illinois, the Public Roads 
Administration of the Federal Works Agency, and 
the Illinois Division of Highways. 

The results of this investigation will have direct 
application to practically all modern highway bridges 
and to many other structural design pr oblems and will 
lead to more satisfactory structures. 

The Public Roads Administration has a limited num- 
ber of these bulletins for free distribution. Requests 
should be addressed to the Public Roads Administra- 
tion, Federal Works Agency, Washington, D. C. 


STRESSES UNDER A LOADED CIRCULAR 
AREA 


BY THE DIVISION OF TESTS, PUBLIC ROADS ADMINISTRATION 


Reported by L. A. PALMER, Associate Chemist 


attention of engineers the fact that a precise analy- 

sis of the complete system of stresses under a uni- 
formly loaded circular area at the surface of a semi- 
infinite, elastically isotropic material has been in 
published form for more than 10 years. Another pur- 
pose of the paper is to indicate approximate methods of 
checking numerical values of the stresses that have been 
computed by the precise methods. 

Still another purpose is to indicate the possibility of 
using the results of the analyses as a rough guide in 
experimentation involved in the study of the design of 
flexible types of highway surfaces. In this latter con- 
nection, it is realized generally that the condition of 
elastic isotropy does not exist in the mass of material 
under an automobile tire. Hence, it would be a mis- 
take to attempt toapply directly the analytical results, 
and the fact that they can serve only as a rough guide 
in experimentation needs to be emphasized. 

Engineers are confronted with many earth problems 
for which no theory other than the one of elasticity 
has been proposed, and the treatment of earth problems 
apart from adequate theory is likely to lead to as many 
solutions as there are varieties of earth. The experi- 
mental study of such problems without reference to any 
cae basis whatsoever is an aimless procedure at 

est. 

The problem of computing stresses at any point 
within a semi-infinite, elastically isotropic mass pro- 
duced by a uniform load over a circular area at the plane 
boundary has been completely solved by A. E. H. 
Love ? and S. D. Carothers.? The results of these two 
investigators are in general in good agreement and sug- 
gest a means of estimating stresses under wheel loads, 
since it has been shown by Teller and Buchanan * that 
the pressure distribution of a pneumatic tire on a flex- 
ible-type pavement is nearly uniform. 


r ‘HE main purpose of this paper is to bring to the 


PROBLEM SIMPLIFIED BY MAKING REASONABLE ASSUMPTIONS 


In such problems as the determination of the rate of 
settlement (by soil consolidation) of a foundation 
(fig. 1A), the vertical stresses at the upper and lower 
boundaries of a clay layer are computed from formulas 
derivable from those of Boussinesq by assuming that 
the entire mass of earth below the foundation is elas- 
tically isotropic. That is, the complications that may 
be involved, owing to the ‘fact that the underground is 
comprised of alternate strata of dissimilar materials 
and is, therefore, not elastically isotropic, are ignored 
completely. Despite the questionable pr ocedure of 
assuming isotropy in this case, the analysis of settle- 
ments by consolidation is one ‘of the best established 
theoretical methods of soil mechanics and the present 
writer believes that in this instance the assumption of 

1 Paper presented at the Nineteenth Annual Meeting of the Highway Research 
Board, December 5, 1939. 

2The Stress Produced in a Semi-Infinite Solid by Pressure on Part of the Boundary, 
by A. E. H. Love, Philosophical Transactions of the Royal Society, series A, vol. 228, 
ee rest Loads on Foundations as Affected by Scale of Tested Area, by S. D. Carothers 
Proceedings International Mathematical Congress, Toronto, 1924, pp. 527-549, 


4 Determination of Variation in Unit Pressure over the Contact Area of Tires, by 
L. W. Teller and James A. Buchanan, PUBLIC ROADS, vol. 18, No. 10, Dee. 1937. 





isotropy is as reasonable as any other assumption and 
is to be preferred in the interest of simplicity. 

No doubt there is some refraction of the stress 
trajectories at the boundary of two dissimilar earth 
materials, that is, this boundary very likely acts as a 
plane of discontinuity. But any assumption as_ to 
the amount of friction between two layers of dissimilar 
materials such as clay and sand (fig. 1A) or as to what 
extent discontinuity of stresses may exist is likely to 
be no more valid than the assumption of isotropy in 
the entire earth mass below the foundation. 
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For the same reason, the entire mass of materials 
below a wheel load (fig. 1B) may be considered as being 
elastically isotropic. 

On the basis of such an assumption, no precise solu- 
tion can be expected. Neve ertheless, the theoretical 
development meets a definite requirement in that it 
shows, qualitatively at least, what happens under wheel 
loads and, therefore, may serve as a guide in planning 
methods of experimentation. All that is sought is a 
suggested trace of the transmission of stresses by the 
wheel load since rigorous results or exact formulas are 
out of the question. 

A. C. Benkelman® has presented in considerable 
detail the present status of knowledge concerning the 
design of flexible pavements. It is indeed surprising to 
note that the conclusions reached by Carothers and 
Love have not been used in the technical publications 
discussed in Benkelman’s report. However, with prac- 
tically no exception, the various authors mentioned in 
his report have based their experimental procedures on 


5 Present Knowledge of the Design of Flexible Pavements, by A. C. Benkelman, 
PUBLIC ROADS, vol. 18, No, 11, Jan. 1988. 
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theoretical considerations involving numerous. sim- 
plifying assumptions which are similar im many respects 
to the classical theories of Love, Carothers, and 
Hencky.® 

The simplest three-dimensional problem considered 
in the theory of elasticity is the one involving axial 
symmetry. Hence, the problem of a wheel load on a 
pavement is simplified by the assumption that the area 
of contact between a rubber tire and the pavement is 
circular, although tests indicate that the contact area 
is elliptic. Thus an ‘equivalent circular area’? with 
uniform pressure has been used generally by inves- 
tigators. The equivalent circle is one having an area 
equal to the elliptic area of contact and its radius is 
the square root of the quantity: Area of contact 
divided by 7x. 

The subject of pressure distribution over a circular 
contact area in connection with foundation design has 
been discussed at length by Cummings,’ Krynine,® and 
various others. The simplest problem is the one of 
uniform pressure over the contact area. In foundation 
problems, the actual pressure distribution depends on 
the relative rigidities of the structure (or loading mem- 
ber) and the earth mass, and in the light of present 
knowledge no one knows how to express these relative 
rigidities in quantitative terms. Another difficulty is 
that any formula expressing the pressure distribution 
over the contact area can be only approximately true 
when the deformations are within the elastic limits of 
the materials and cannot be applicable in any sense as 
the deformations increase more and more and become 
characteristic of those attending plastic yield. If an 
attempt is made to include all of these departures from 
simplicity in a theoretical development of the subject, 
any result would be so hopelessly complicated as to be 
of little practical use. 


GREATEST SHEAR NEAR PERIMETER OF A UNIFORMLY LOADED 
CIRCULAR AREA 


The outstanding conclusion of Love and Carothers 
was that the greatest value of the principal stress dif- 
ference, S, is very close to the perimeter of the uni- 
formly loaded circular area. This difference is twice 
the maximum shearing stress at any point, that is, 


Table 1 is taken from Love’s article and shows values 


Y 


aS) ; : ' 
of a p being the unit contact pressure over the circular 
area, corresponding to various positions of the point Q, 


, : : 1 ° < 
figure 2. The ratio, a of the two radial lines, figure 2, 
9 


and the magnitudes of the quantities, angle B, a and 


r ; 
a being the radius of the circle, z being the depth to 


the point, and B the angle between 7, and a, determine 
the position of any point Q. 


As the point Q moves in such a manner that the ratio, 


r ee , : 
a approaches zero as a limit, then according to Love 


° Uber einige statische bestimmte Falle des Gleichgewichts in Plastischen Kérpen 
by von Heinrich Hencky, Zeitschrift fiir Angewandte Mathematik und Mechanik, 
Bd. 3, Heft 4, Aug. 1928, pp. 241-251 inc. 

7 Distribution of Stresses Under a Foundation, by A. E. Cummings, Proceedings 
American Society of Civil Engineers, vol. 61, No. 6, Aug. 1935. 

8 Pressures Beneath a Spread Foundation, by D. P. Krynine, Proceedings American 
Society of Civil Engineers, vol. 68, No. 4, pt. I, Apr. 1937. 




















Figure 2,—PROBLEM OF THE PRINCIPAL STRESS DIFFERENCE, 
S, Unppr a UntrormMiy LoapEep CrrcuLar AREA. 


the value of S depends on the angle B, or in other words , 
S at the point A depends on the direction of approach 
of point Q to point A. Love has shown that for B=71° 


Ais! r : 
the limiting value of S as Fa approaches zero is 0.723p 


2 


(table 1). The S values of table 1 were computed by 


Love for »=\ and are ‘partial maxima stress differ- 


ences,”’ a term that will be considered later in this report. 


TABLE 1.— Values of 5 for different positions of point Q in figure 2 


[Values given by A. E. H. Love for n»=4] ! 





r r . 5 r : r : ti ane 
tends to zero|—=sin 5° | =sin 15° |+=sin 30° | =sin 50° 
9 2 


r : 
tends to unity 
T2 Ts T2 T2 T2 





: Lv 0. 723 0.714 0.704 0. 695 0. 690 0. 689 
B. 7° 67° 56° 44° 37° 32° 
=. , 1 0.934 0.742 0. 446 0. 184 0 
<. ar 0 0. 156 0. 383 0. 536 0.615 0. 620 























1 The values, 14 and 0.45 for », appearing in this paper are values selected by Love 
and Carothers, respectively, in their computations. 


From table 1, the value for s,, the greatest value of 


Smax: at any point Q in the supporting earth, is ie = 


0.36p=2. This is an important fact because it shows 


that the greatest shearing stress is at the surface where, 
due to lack of confinement, there is the least resistance 
to yield under stress. Love has given in table 1 more 
data than are necessary for locating the point Q, 
figure 2. 

In texts dealing with the theory of elasticity, it is 
shown that when the point Q (fig. 2) is restricted to 
move only along the axis of symmetry, OZ, the greatest 
value of Smax. occurs at a considerable depth, 2, from the 
surface. Thus Timoshenko ® shows that for »=0.3, 
the greatest value of Snax. at any point on OZ is 0.33p 


§ Theory of Elasticity by S. Timoshenko, Engineering Societies Monographs, 
first edition 1934, McGraw-Hill Book Company, Inc. (See pp. 336-337.) 
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and at a depth equal to “. 


confined in all directions. 

Love’s solution was obtained by the application of 
potential theory’ and involved various elliptic 
integrals. 

Carother’s procedure is only very briefly described 
and therefore requires some discussion. He considers 
the logarithmic potential ! of a uniform distribution of 
matter over a circular area of radius a, expressed by 
the relation, 


The earth at this point is 


v=Z{ [ios (2h Idd Oy eee a2) 


where dz and dy refer to the coordinates of any point 
r, y, on the surface and R;, is the distance of this point 
to the point Q, figure 2. 

By differentiating equation 2 under the integral sign, 


SEL fm eye DU 
Ae lune dx dy= eee (3) 


where w is the solid angle ” subtended at Q by the 
circular area. 

By use of the equations of equilibrium and the 
compatibility equations * all of the stresses at any 
point, Q, may be expressed in terms of w, the solid 
angle subtended at point Q. Thus it is found, for 
example, that 





= 0 Oy pow 
Sie oy ie Os Bais SSS (4) 
and 
) : 
Pz = ew) = --+------------- (5) 


pz being the pressure at Q that is normal to the horizontal 
plane and s,, the shearing stress. 

Similarly, p, and p, (fig. 2) may be expressed as 
functions of the solid angle, w. 

For a uniformly loaded circular area, the maximum 
shearing stress is obtained from the expression, 


ge J+ 6, (6) 


Love’s very comprehensive tables give values for p,, pz, 


and s,z, for w=, at a great many points. Values for : 


in addition to those given in table 1, may be computed 
by means of equation 6 and the other tables of Love. 

The stresses at any point, Q, were computed by 
Carothers by expanding the various functions of w in 

; ; S 

zonal harmonics. Some of his computed values for % 
are given in table 2. These values were computed by 
taking »=0.45. It is seen from this table that the 
ereatest value of 8max. 1S near the perimeter of the loaded 
circular area where R=a and @ has values ranging from 

10 For an adequate description of potential theory, see, for example, Pt. III of 
Dynamics by A. G. Webster, Text, G. E. Stechert and Co., New York, second 
edition, 1922. 

li See, for example, pp. 385 et seq., of Dynamics by A. G. Webster. 


12 See, for example, p. 351 of Dynamics by A. G. Webster. 
13 See, for example, top of p. 312 of Theory of Elasticity by S. Timoshenko. 








80° to 90° (fig. 2). Love and Carothers are in good 
agreement as to the region of greatest shear. 


S : a ; 
TABLE 2.—Values of =e ha different positions of point Q, figure 2, 
according to Carothers, for n=0.45 
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pO ire Sd Ae ae eb ee eee i 2 te EO ee ee. . 55 . 60 
Need on te ayy. de ee eS, Sal ee ees, CEE Ne) Sree. 57 . 53 
OL) Se ees eee ee ee eee et Ree Le ee oe . 58 . 50 
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sola 8 ep pele Peete eK feo Ne Righetti a, BS Det ia . 63 18 
0) a ers ek aa OR gr. aes . 63 - 05 
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MEANS GIVEN FOR CHECKING THE VALUES OF LOVE AND 
CAROTHERS 


The method of Love, although enormously compli- 
cated, is presented in great detail and it is possible to 
check his numerical values, using his method. Caroth- 
ers, on the other hand, gives no clue as to what particu- 
lar functions he expanded in zonal harmonics in making 
his numerical computations. It would seem desirable 
then to find some means of checking the values of both 
Carothers and Love without using exactly the same 
method of either of these two investigators. This is 
an exceedingly difficult undertaking for the reason that 
Love’s solution is complete, all of the stresses, p;, Pz, 
and s;z, being found throughout the entire region within 
a radial distance, a, of the loaded area. On the basis 
solely of his numerical values and without regard to how 
they were obtained, the same is true of Carothers’ 
solution. 

For the case of a uniform pressure, p, on a circular 
area it is easy to show® that for any point on the axis of 
symmetry and for p=}, 


S 1 sll ba2—2 ~ 
pata wren | ‘f 


This expression may be expanded by the binomial 
theorem to give the infinite series, 


1X3X5x7 ZI -| 

Beatson at? Toa 
1Tf2 182° 1X38xX5 27 
eas a o 


if a is greater than 2, and 


13560 gi 
DSC 





Sly (ecg oS 
pie cea oe 








S_1, 5fa*_1x8at, 1x3X5a_1x8X5x7a* ] 

ei my OL AER ie ye ee as 
1 13 ls a 07 

—7)1-4S OMA gin? he | =--54--75=--2>- (9) 


if z is greater than a. 

From a mathematical standpoint, it is not correct to 
expand a function in zonal harmonics if it does not 
satisfy Laplace’s equation. In potential theory, a 
Newtonian potential function, known to be harmonic 
(satisfies Laplace’s equation) may first be computed on 
an axis of symmetry and thereafter it may be computed 
at any point not on the axis, by expanding in zonal 
harmonics or Legendrian polynomials. 


§ Theory of Elasticity, by S. Timoshenko, Engineering Societies Monographs, first 
edition 1934, McGraw-Hill Book Co., Inc. (See pp. 336-337.) 
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In general, the expression for a stress is a tensor ™ 
and is not therefore harmonic. However, the expres- 
sion for a stress may consist of several parts, one or 
more of which may be harmonic, and it is legitimate to 
evaluate these by expanding in zonal harmonics. This, 
no doubt, was Carothers’ procedure although he does 
not indicate it. 


In the present consideration, the circle is not one of 
complete symmetry as Love has shown and in the 


ey = are, 
absence of any general expression for a known to be 


harmonic or otherwise, there is no sound mathematical 
basis for the following procedure which is to assume 


on 
that the general expression for 5 is harmonic and to 


pass from equations 7 and 8 to series of Legendrian 
polynomials. It is also assumed that the circle is 
symmetrical and this is not quite true. 

If now the loaded circular area is considered as 
analogous to an electrically charged disk in potential 
theory, then one could substitute R for z in equations 
8 and 9 and introduce Legendrian coefficients,” thereby 
expanding equation 7 in zonal harmonics. When this 
is done, equation 8 becomes 














a= 3 - ; 3 (co SOE ahs (cos @) 
+e ans ; P; (cos 6) — : Ss ioe P; (cos 0) | 
-3| SP. (cos 6) — poe — (cos 6) 
che : soy a (cos | re ee (10) 


i dp 
if all powers of - beyond the seventh are neglected, 


equation 9 gers 


Ss’ 1 2 

ee Rede puP (cos 8) — ee P, (cos 6) 
p 4 

ie) 3X5 a? 


as 





Be. EP; oer ie pe (cos 8) 


Pe, see P, ( 
2 Ae 


PA NOt 
2xX4xX6 





os 6)+ ap (cos a] bb 


he 
neglecting all powers of oA beyond the sixth. 


EXAMPLES OF APPROXIMATE METHODS GIVEN 


The terms, P; (cos 6), P; (cos 6), ete., are the Legen- 
drian coefficients and numerical values for these 
coefficients, corresponding to differant values of 98, 
figure 2, may be found in various mathematical trea- 
tises. For R less than a and ¢= 0, equation 10 becomes 
equation 8 and for & greater than a and 6=0, equation 
11 reduces to 9. 

It should be emphasized now that aside from the 
geometric similarity, that is, a circle and an axis of 
symmetry in both cases, the problem of potential at 





‘4 See for example, From Determinant to Tensor, by W. 
the Clarendon Press, 1923. 

'S See for example, Fourier Series and Spherical Harmonics, by W. E. Byerly, Ginn 
& Co., 1893. 


F. Sheppard, Oxford at 





a point due to a charged disk and the problem of 
shearing stresses beneath a loaded circular area have 
nothing in common. 





In table 1, for “=O, 184 Sae37° snd + —=sin 50°, 1t is 
found that 6 16°40’ and R=0.6416 a. The coeffi- 
cients, P; (cos 6), P; (cos 8) corresponding to 6=16°40’ 
are 

P, (cos 6)=0. 9579 
P,; (cos 0)=0. 7609 
P,(c0s 0)=074573 
P, (cos 0)=0. 1207 


Substituting these values in equation 10, 


Sere (0. 6141—0. 3015-+0. 0930—0. 0118) 
mie TOs: 


-; (0. 2010—0. 0744++0. 0101)=0. 709, 


which compares favorably with Love’s value in table 1 


of 0.690. 


The series in this case converges rapidly. By using 


A ; 1 
Love’s numerical values for p,, p, and 8,2 { w= te and 


equation 6 one finds for q 70:96 and @=45°, that n 
=0.66. However, by equation 10 the corresponding 


value for 3 is 0.75, which is 14 percent higher than 


: R 
Love’s value. Again, for ea: 19 and 6=45°, from 


Love’s tables and equation 6, > =0. 42, which is exactly 
the same as the value obtained from equation 10. 
Jiirgenson'® has computed various values for —) using 
Carothers’ tables for p,, p-, and s,, and finds for example, 
that 10rd ==20; anor 49. 70.25 
ing value found by an expression similar to equation 11 
is 0.27. value for 4 for" =0.446 and “=0.536 


is 0.695 (table 1), whereas equation 10 gives a value of 
0.716 which is close to Love’s values. For @ equal to 


The correspond- 


Love's 


90° and < less than 1, the value of Sis 0.25 by equation 


10, which is Love’s value in this region. Equations 10 
and 11 do not fit the boundary condition for 6=90° 
and R greater than a. 

In all other cases it may be said that for 6 greater 


Tig: 
than 45° and for aOR ereater than 2/3, the values for 
S | | 
a computed from equations 10 and 11 deviate by at 


least 15 percent (in many cases much more) from Love’s 
numerical values. For all other positions of the point 
Q (fig. 2) the agreement is generally ye 15 percent. 


R 
Carothers states that for values of = sor : approaching 


unity, his functions expanded in zonal harmonics were 
‘unsatisfactory’ and he gives no clue as to an alterna- 
tive procedure in this case. 

16 The Application of Theories of Elasticity and Plasticity to Foundation Problems, 


by Leo Jiirgenson, Journal of the Boston Society of Civil Engineers, vol. 21, No. 3, 
July 1934. 
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In any case, equations 10 and 11 have very definite 
limitations in this problem although they tend to give 
values that are in approximate agreement with those of 
Love and Carothers at various points. 

Functions of solid angles are for the most part of 
interest only to the mathematician. A practicing 
engineer has more confidence in numerical values if he 
can check them by a simple graphical method. 

The following simple device is suggested by the 
author for this purpose. Its use is very limited. The 
method is as follows: 


’ é S 
It is desired, for example, to know the value of ; 


at the point where 6=45° and R=, the value of u 
being taken as 0.45 (Carothers’ assumed value). In 
figure 3, AB is the diameter of the loaded circular area 
on the horizontal surface and OZ is its axis of symmetry. 
The radial lines AQ, QB, and OQ=R are drawn. The 
line MN is drawn through O making an angle 6 with AB. 
The projection of AB on MN is A’b’, the minor axis 
of an ellipse. This ellipse is in the plane that is passed 
through AZN perpendicularly to the plane of the paper. 
Its major axis is equal to AB which passes through 
the point O and is perpendicular to MN. 

The length A’O is a cos 6=% the minor axis, and 
a=AO is % the major axis. Then the area of the 
ellipse formed by projecting the circle in the horizontal 
plane on the plane WN is, ra (a cos 6) =a? cos 0. 

Let b=the radius of the equivalent circle, that is, the 
radius of the circle having an area of 7 a cos 6. Then 
« b°? =n a? cos 6, or b=a ycos 6. Now the ellipse is 
replaced with the circle of radius=b=a Veos 6. A 
uniform pressure, p, perpendicular to the plane AZN 
and distributed over the circle of radius a cos 6 will 
produce approximately the same stress, Smax-, at @ as 1s 
caused by the same pressure, p, distributed over the 
circular area, Ab, in the horizontal plane, provided 6 
is less than 45°. For @=0, it is observed that pp 
becomes p.-. 

For the general case, the value of s,,.. when the 
point Q is on the axis of symmetry is obtained from the 
expression, 





; Ea. pee oe al 
“max: 9 5 | TM (6?+ R?)% Y (b?+ R?)* 2 





ae 


where b=a ycos 6=radius of the equivalent circle 


3 


Aa 


2 
For R=a4, @=45°, cos sandsu—=0.45, 


bw) 





at point Q Smax-=5 pase 


1  4\% 
(jets) 


rakes gre) 
oT 
es (22) OOK 
i E =(0.296p. 
= TNH 
2 pane) 


Pa 
S <Sinax: 


Then ~=—™*=0.592. 
Pp P 
S 


ee for this point (table 2). 


Carothers obtains the value, 


The divergence from 




















ZY 


FIGURE 3.—THE PROJECTION OF THE LOADED CIRCULAR AREA, 
AB, In THE HorizonrTaL PLANE ON THE PLANE MN Is AN 
Evurese Wire Minor Axis A’B’ anp Mayor Axis AB. 


Carothers’ value in this case is likely indicative of the 
error involved in transforming the elliptic area into one 
that is circular. 


METHOD OF KRYNINE CONSIDERED 


In addition to approximate methods, such as the 
foregoing, there are other means of checking precise 
numerical values, such as those published by Love and 
Carothers. One such means is the photoelastic method. 
However, at present there has been but little progress 
in the analyses of three-dimensional problems of stress 
distribution by photoelastic devices. R. Weller “ has 
suggested that it is possible to use the polarization 
caused by the scattering of light within a “cloudy” or 
opaque model in place of the usual analyzer in photo- 
elastic investigations and that this method of polari- 
zation enables one to make analyses of three-dimensional 
stress systems very conveniently. An older method 
was to cool the model under load from an elevated 
temperature to room temperature and then analyze it 
subsequently after slicing it into plates. This is an 
enormously complicated procedure. 

D. P. Krynine ® has described his device, called a 
stereogoniometer, which offers much promise in such 
studies and which has the advantages of simplicity and 
low cost. This device makes use of the principle of 
projecting areas from a plane to a spherical surface 
rather than from one plane to another plane as was 
done in the preceding example. By this procedure, the 
stress, p2, 1s found in terms of the area of the projection 
of the loaded surface on the sphere and the volume of 
the space bounded by this projected area, its projection 
in turn on the horizontal plane including the load, and 
the perpendicular lines joining the perimeters of the two 
projected areas. The solid angle at a point below the 
loaded area is equal to the projected area on the sphere 
divided by the square of the radius of the sphere. 

It is possible to compute the solid angle w, without 
this device, as follows: On the axis of symmetry, the 
expression for the solid angle, w is 


w= 2a( a AL Sy eae Semed i 553) 


17 A New Method for Photoelasticity in Three Dimensions, by R. Weller. 
Letter to the Editor, Journal of Applied Physics, vol. 10, No. 4, Apr. 1939. 

18 Stresses (especially shears) Under a Foundation by D. P. Krynine, Proc. of 
the Highway Research Board, vol. 18, pt. II, 1938. 
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where R=(a?+2?)'”. The general expression for w 
(see equation 3) is harmonic and it is mathematically 
legitimate to expand it in zonal harmonics. By so 
doing, one obtains the two expressions, 


I eae Bel ae 
wa2e—2a| 2 P, (cos @) -(=) P,; (cos 6) 


ay ia [Sy Nice ee | 
+35 P; (cos )— (4) P; (cos 8}--y —, ete. |. (14) 


for R less than a, and 


2 CaN 
w= 2e—2a| | -3) P, (cos 6) +3(3) P3 (cos @) 


15 “i 105 5) b : 
Zaz P; (cos +e B P; (cos 6)—, +, ete. | (15) 
for R greater than a. 
Hie” Fe 
For ae and @=45°, one obtains w=1.077 from equa- 
tion 14. Then substituting this value in the expression 


aha 1 
which is valid only for u=3) 





eee 2 
it is found that p,=0.803p. The value for p, at h=3a 


and @=45° is 0.858p when y=0.45, according to 
Carothers. 

Similarly, for R=2a and 6=45°, w=0.1952% from 
equation 15 and on substitution in equation 16, p,= 
0.146p. The corresponding value obtained by Carothers 
for u=0.45 is 0.158p. The differential of equation 16 
was proposed by D. P. Krynine.” The stereogoniometer 
is a device that performs an exact mechanical integra- 
tion of the differential of equation 16, 6 and w being 
both variable in the integration. 

Equation 16 does not satisfy the boundary conditions, 
6=0 and @=90°. For a uniformly loaded circular 
area it gives results which are approximately correct 
for 6 greater than 30° and less than 60°, R being greater 
than zero. On the axis of symmetry, 


8 
p= 1a | Re ogssousd 452 (17) 


If @ is taken as the average angle between the vertical 
direction and the radial distance R drawn from any 
element of loaded surface to the point Q, considering 
all of the elements of the loaded area, the computations 
by equation 16 become exact. The analytical procedure 
of obtaining this average @ is a very difficult one. For 


3 ei : : 
F greater than 5a, equation 16 together with equations. 


2 


14, 15, and 17 give values for p, that do not diverge 
more than 15 percent (in most cases much less) from 
Carothers’ values when @ does not exceed 60°. 

The purpose of the foregoing procedure is to indicate 
that in substance, at least, the mechanical method used 
by Krynine is correct. Its outstanding advantage is 
that in its use the evaluation of the stress, p,, can be 
accomplished for any contour of uniformly loaded area. 
It is not necessary that there be axial symmetry. 


19 Shearing Stresses Under a Spread Foundation, by D. P. Krynine, Proceedings 
of the Eighteenth Annual Meeting of the Highway Research Board, pt. IT, 1938. 
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LOVE’S CONCLUSIONS APPLIED TO THE CASE OF A WHEEL LOAD 


The precise analytical method of obtaining p, at a 
point under a uniformly loaded circular area is indicated 
by equation 5 which is Carothers expression for this 


stress. 
Since 
zZ 
w= | | peas dy, 

Then 

Ow ees a 

Se=| | (ga-m) ib CY eats en > =e (18) 
and 


Ow 2 aya 
Sen] Siete eva J apa rzx) de tv---09 


It is possible to evaluate these two integrals at any 
point Q. The first integral is w, known to be harmonic, 
and it may be computed at any desired point by means 
of equations 14 and 15. The second integral may be 


simplified by expanding Ree Legendrian polynomials 
it 


ow 


since V? (73 )=0. With w and 2 —— thus evaluated, 
1 


Oz 


the stress, p,, at any point, Q, is computed from equa- 
tion 5. 

For a uniform pressure produced by a wheel load on 
the nonrigid surface, the distribution of vertical pres- 
sure, p,, over the area of subgrade bounded by the radial 
line F is far from uniform as Hawthorne * assumed in 
his analysis. 

Love has shown that for any given value of yu, there 
is a certain value of R, expressed as some multiple of a, 
for which Snax. has a greatest value. Thus for 6=45°, 
the greatest value of smax. on the radial line is at any 
point where R=0.73a. Similarly for 0=90°, the great- 
est value of Smax- is at points where R=a, that is, at 
points just under the perimeter. If the points of “par- 
tial maxima stress difference” on all of the radial lines 
for all values of @ are connected, the locus of such 
points is found to be a “basin-shaped surface of revolu- 
tion about the axis of the circle.’ It passes through 
the circle and lies between two segments of spheres, 
which have their centers on the axis of symmetry and 
pass through the circle (fig. 4). These two spheres cut 
the axis of symmetry at depths equal to 0.620a and at 
0.712a when p=\. According to Love, it is reason- 
able to conclude that the foundation under a round pil- 
lar would be most likely to give way at points on such 
a basin-shaped surface and that it would be nearly as 
likely to give way at one point of this surface as at any 
other. The values given in table 1 are for points on 
the basin-shaped surface. 

A practical consideration follows. If the supporting 
subgrade is of questionable supporting power, such as 
medium or soft clay, then considering all possible 
values of » and the uncertainty of the effect of contact 
area where pavement and subgrade meet, it would be 
on the side of safety to have the thickness of the more 
resistant flexible pavement at least equal to a, the 
radius of the equivalent circle. This precaution would 
tend to confine the dangerous surface to the surfacing 

202A Method of Designing Nonrigid Highway Surfaces, by George Edward Haw- 


Pele Bulletin No. 83, Engineering Experiment Station, University of Washington, 
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material. But it is again necessary to emphasize the 
fact that since the flexible pavement and the subgrade 
are very different materials, all such conclusions must 
be considered as only generally indicative and not 
strictly true in a quantitative sense. 

The greatest values of smax. may be computed on the 
axis of symmetry from equation 12 for different values 
of wu. Table 3 contains such values and the points at 


: 2 
which they are found are defined in terms of = It 


is interesting to note from this table that the shearing 
stress does not vary greatly as w varies from 0.25 to 
0.50. 


TABLE 3.—Mazimum values of 5™8* on the axis of symmetry for 


different values of pu 














i Smax: | 2 at point of Smax. 
Pp a 
0. 25 0. 34 0, 62 
. 30 233 . 64 
40 ~ol 67 
45 . 30 69 
50 . 29 71 











Benkelman ° has rightfully emphasized our lack of 
information concerning conditions at the boundary 
plane of contact between the flexible surface and the 
supporting medium. It is possible that this informa- 
tion may be obtained by intelligent and careful 
experimentation, making use of adequate theory in all 
such experimental procedures. 


5 Present Knowledge of the Design of Flexible Pavements, by A. C. Benkelman, 
PUBLIC ROADS, vol. 18, No. 11, Jan. 1938. 


(Continued from page 227) 
One driver waited until the clear distance ahead 
decreased from 1,900 feet to less than 600 feet and then 
started the passing maneuver. He was fortunate, and 
completed the passing before an oncoming car came 
into view. 

The horizontal scale of figure 11 shows the clear dis- 
tance ahead that the driver of each passing vehicle had 
at the time the maneuver was completed. For all the 
passings shown below the heavy horizontal line, this 
distance represents the clearance between the vehicle 
that had completed the passing and the first approach- 
ing vehicle in the opposing lane of traffic. For the 
passings above the heavy line, no oncoming vehicles 
were in view, so the horizontal scale represents the sight 
distances when the maneuvers were completed. In this 
figure, as in figure 10, the passings that are cross-hatched 
represent maneuvers that could have started at the 
point of maximum sight distance. In those that are 
not cross-hatched, the driver had to wait for an oncom- 
ing vehicle before encroaching on the left lane. 

Figure 10 showed that an oncoming vehicle was in 
view at the start of the passing in less than 5 percent of 
the maneuvers. Before the return was made to the 
right lane, there was an oncoming vehicle in view in 
about 30 percent of the maneuvers. There is a marked 
drop in the number of maneuvers that were completed 
with either a sight distance of less than 300 feet or a 
clearance from the oncoming vehicle of less than 300 
feet. Two of the five passings that were completed 
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Figure 4.—Porints aT WHICH THE STRESSED MATERIAL UNDER 
A UNIFORMLY LOADED CircuLtaAR AREA WotLtp BE Most 
LIKELY To FaIL. 


CONCLUSIONS 


On the basis of Love’s complete solution of the prob- 
lem of stresses under a uniformly loaded circular area, 
it is indicated that the greatest shearing stresses may 
be confined within the flexible pavement and not 
reach the subgrade if the thickness of the flexible pave- 
ment is no less than the radius of a circle having an area 
equal to the plane of contact between pneumatic tire 
and flexible pavement. 

The conclusions reached by Carothers are in good 
agreement with those reached independently by Love, 
but the method used by Carothers requires a more 
complete presentation. 

In the case of a uniform load on a circular area the 
variation in shearing stress as Poisson’s ratio varies 


| from 0.25 to 0.50 is relatively small. 


with an oncoming vehicle less than 200 feet away could 
have been started when the maximum sight distance 
was available. The clearances for the vehicles in- 
volved in the two maneuvers below 100 feet were 34 
and 49 feet. At the time these vehicles started to 
return to their right-hand lane, the distances to the 
oncoming vehicles were 876 and 228 feet respectively. 
The first vehicle could have started the maneuver when 
the sight distance was 1,900 feet but did not enter the 
left lane until the sight distance had decreased to 1,675 
feet. The second vehicle had to wait for an oncoming 
vehicle to pass and started the maneuver with a sight 
distance of 625 feet. 

By similar analyses of the passings that occur on 
different sections, it will be possible to determine the 
relative effectiveness of different alinements in providing 
for passing requirements. 

Up to the present time, the analyses dealt primarily 
with the passings that actually occurred on the 
study sections. Of equal importance are the passings 
that the drivers wanted to make but did not attempt 
because they felt that the available sight distances or 
the “holes” in the opposing traffic were not of sufficient 
length to complete the passing maneuvers in safety. 
No attempt has been made to take this particular infor- 
mation from the records, but it is believed that it can be 
obtained. So far, it has been possible to obtain all the 
factors that have seemed important in a study of pass- 
ing distances. 
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From the rather meager results that have been pre- 
sented it can be seen that these studies provide, for the 
first time, accurate information on what actually takes 
place in a stream of moving traffic. They are certain 
to provide extremely valuable information regarding 
the causes of accidents even though none may actually 
occur during the studies. 


1940 CENSUS TO PROVIDE HOUSING DATA 
VALUABLE TO HIGHWAY OFFICIALS 


A comprebensive picture of housing and home owner- 





ship in the United States wil] be compiled from informa- 
tion to be collected by the U. S. Bureau of the Census 
in April when it conducts the Sixteenth Decennial 
Census. In response to a schedule of questions bearing 
on the type of structure, equipment, and ownership, 
data will be obtained for each of the approximately 
35,000,000 dwellings throughout the country. 

The data obtained will be useful to highway officials 
in planning street improvements, and to city planning 
officials in determining the need for extending trans- 
portation and communication systems, police and fire 
protection, schools, ete. 


ar 





39 


t 


2 


168 0ze* £eT 


[95°16 
195° L6S*T 


Bex 92ee 


*TN6T teek TBOsSTy Ios yuemuoTZI0dds sepntouy 





A 


202 ‘769 
£9T 66 
TH6‘ 676 


aT ols*2 
0¢‘800*T 


T<9“9e2°S 
TST‘ S06‘T 


ory openg 
aero 


BrqunjoD jo PIASId 





Bura1od AA 
UTSTOOST AA. 
BYUIBITA 389A 





oe 


IN-|O 
nu 





mE nye 9 
ot “s9¢* 2 


Lg0'teLl°S 
gre’ 


666" ent 
27S°9Llo%2 


ot0* Let 
Tee*ete's?’ 
9Se°¢9e°T 


96°99 


202‘ 698“ 
91S'925°e 


L0S* SSE 


Leet 
e2e°STT*T 
GLS‘2S¢ 


O9T* egt*2 
ott‘ 00¢ ‘2 
69¢‘9EL 


wo}FUTySB AA 
BIUISIT A 
quouLia A 





gle‘ ett ‘ty 
T80‘962°T 


q 


T*86 ze Leg*t 
9°8T9 T2S*ETS'S 
S"98 9¢¢ QTL ‘T 


ItL*e9e"%2% 
026 ‘922 TT 
99l‘999'¢ 


kaso 
sBxoL 
aassouua [, 





010‘926 
969‘ SES 
SLS* 6S 
See * Sto *S 
OST tI9¢ 
THES TSS*T 


Zee “SOT * 
G86‘ 29 
O10‘ 8T6*2 


my 


090‘ T67*T 
602‘ TO. 
959‘ et 


ie 
ut 
8 
0 
Z 
0 
4 
8 
8 
S 
6 
4 
S 


ee 


T° 6ee 959‘ LT6‘T 
6°18 002‘ 8l6 
grl G98‘ 00¢ 


ecg ea ¢ 
ole‘ Sgt ‘2 
016‘ T09 


BOY NOS 
BuI[Ore WINES 
puvys] epouy 





Qe sss 


tLot9e%% 
alt ‘9el‘t 
EES * GEE ST 


C> QO) ON 


L116‘ 0¢9*2 


L°Stt Gee" eel *t 
g°SOT 160‘ Olt‘ T 
pe ‘L6 Zt0‘2Z00‘T 


262° 599°6 
THE OSHS? 
€Tl‘ S69‘T 


srasalAsuuag 
wox219 
saroys[xO. 








Gas “769 “7 
EST LOTT 
0S0‘T 


126‘ 9805'6 
065‘ LLT‘z 
|_ 09616 








S61‘ S6 


066'092°T 





t6< ‘067 29L* Sel 
09s ‘978 02L*269'T 


LtI9 ‘62 
95‘ Z6T‘T 


£62°6S 





961 °922°S 
2eL‘ 6£6'9 
0£6‘t199'2 


Ten StL 
62T ‘OS® 
Olof Ote*t 


668‘ 195‘2 
2St *192°T 


lel‘ S69¢ 
|_o6s*Z90°¢ 





Sasa naton 


oN 
tO tm~|4.0 
cia 


Mit oO 


x: 
i 


269" 200° 
SLY‘ 0S2*T 
Sot‘ Sle" 


ie 
o 


oe e162 
Lo6‘ THT 
0l6‘l¢98*2 


. 





29° L66' TT 
26S‘ Lto‘T 
9l9‘ 66S‘ 


| ZA" <6"S 
Lol*992 
099° £69°S 





. 


Se" 9Se'H 


Ann 


002°S¢9°8 
tet “986°T 
0l9‘ 62g 


orgo, 
BOF YON 
BUI[OIBD TION 


yAOK MIN 
OOrxayy MONT 
Aasiaf MAINT 





5 
su ‘Oo © 
LN ALN 


ae 


“OeL 
lhe‘ set*t 
BET’ 9EL*¢ 


SIO ‘9TS‘T 
TIL *Sot7 
2*Tor 


000‘ £56 
té2e* Sto? 


FRY BORS 


Tec" Tee 
Ogg*<It't 
658° aS 





og ett ‘2 


90L* LTHS< 
9ST‘ S60‘S 


| 2&9°GS9"T 
gel‘St9‘T 
096‘99L‘T 


AN 
ad RI 


TOO’ t82°¢ 
150‘ 6¢e°¢ 
00g *692°S 


aatysdurBy] AKON] 


Iddisstsst fq] 











Pea BLT CO ROA Das 





February 1940 


tLe‘ elt‘9 
968‘ Saty ‘7 
ole’ gt6*< 


"790° LNS*2 


Oz2* T2e*T 
_ tol‘ S99°¢ 


Q8T6‘6at7 
000‘ 2798‘T 
€g0'6SL 
00S°9T2 





TH9* sel 
LiL‘ ot79°9 
_SS*N6TS¢ 





829° S9¢ *t 
61S‘ 8SL°S 
_ ayes LOE ‘2 


116‘ 098 
000 ‘799 °¢ 
Tet 25° T 
000*2T 





o- 
oO 
o 





. 


woo} 
a 


199° 590° 
Ooty 119‘ 
ole * tel 


LN LN LY 
NAO 
mak 


LGe* <t7e°S 
890‘ 09h ‘tH 
HI9 METS 


BOSATUTTAL 
UBATOTAL 
sllasnypoessuyyy 








GLle"aS"T 
Olt *LTL 


ATO) 4 +t O}MO mao tO NYO f- ONO imo 


4 





aN 


999‘oLlo‘T 
0S2' SS¢ 


. 
KYO 


900° etL'e 
O2e‘£ET*e 
QT6‘9TL 








029°9 ote‘ <t 
oee*ate*T 
Tel*0g0*T 


00¢ ‘6S 
getil 
GLL ‘tHE 
929°S9 


096‘ 196‘2 
Loz‘ol6 
995758 
055‘ ak € 
6£8°8 








€¢5*°961*L 
giz‘ 699°2 
a 


Ltt § 929° ¢ 
69 HLS 
ene Seeks 
ELL‘ S56‘T 
965‘ 206° S$ 


* SLOW 
“fOUd GAWWVAD 


JO FONVTVa 


2St*elS‘T 
289°9T6 


to) oe 
ett‘ leg*t 








922" SIS 
000‘ 0S 
OOT ‘eet 


PIV [eteped 


eel est 
og¢ ‘6Tt*2 


208° 90¢ 
Té9‘9ze‘T$ 


38909 THIOL 
poysunsy 


NOLLONULSNOO AOA GAAOCUddV 


eta NO oo elo dce MDS VON N@] 0 wV—t 


LT9‘STO'T 
996‘ L6S‘T 


> 


a 


| Get “601 eT 
TS56° TOS 

266'920*2 
|_ 699° 665"¢ 


7196" Geo" T 
Lih9' zel*Tt 
958'928'T 


sual 

iy 

fon 
are 


tel Tey Ss 
StL‘ 626°¢ 


G86"SLO"E 


pus Arey 
aureyl 
RUvISINOT 


Ayonqueay 
SRsUBy, 
BMOT 





66¢°SLS*2 
| 2tt*loty*e 
| 90T HES 


°° 


. 





ROSsI5 sas 


nE9 2 
Me OLll*t 
TES‘ Se9 
0"?9 
909‘ Sle 
1£6‘19S%2e 


919° SOL 
T29‘SOT‘T 


Nw 


6 5.6]/0 Ae. Te 
BN MY 





° . 
tA—t | hm ON 
MYO LY) ON MV 4] 4 


PIV [B2z9ped 





TT9‘S9T*S 
202" a6“ 
g0g ‘tle 
992, U0. 
6‘ OS 
THe ‘Se 'T 


| 


06L*6TL*T 
att 246 “ty 
S8L‘60E‘T 


ToS TONS 
StH9* LEL‘ 8 
1195‘ 9022 





492°006‘T 


GE ‘gt T Gog ‘20¢ 2 
tLe‘ cel 


; BUBIpUT 
STOUNT |] 
ouepT 





oes‘l6g’e 





828° 062°2$ 


g0T0cS*T 
ell‘ 19S‘T 
¢¢9‘ 69 *t7 
L69‘t0¢ *T 
Gel'¢9S‘T 


Tel t29 “tS 


380D [BOL 
payeunsa 


025‘ 6TT ‘2 
Seg‘ egl‘e 
TOT‘ 816*¢ 
£96‘ LYE ‘Tt 


Lye‘ LO‘ S$ 


DIV Tezepot 


G0e* 208 
LS‘ STESS 
elz‘Slo's 





Tle‘269*T 


0£9' 6E2°94 


3SOD 1830, 
pezeunsA 





NOILONULSNOO WGNNn 


UVIA TVOSIA LNAWAND ONINNG GILATAWOO 


Ovet Ie AYVONVE HO SV 


SLOafOudd AVMHOIH GIV-TVaAdAA JO SOLVLS 


BYs109ay 
BpHoLl 
JIBMBIAC 
ynoyoouU0_ 
opER10joD 
BIULOFTeD 





1£S° 066 ‘77 











PUB LIGA Oa S Vol. 20, No. 12 


240 























967‘ T0S‘ TE 





tte‘ <le"9 








218 602‘<T 








*TH6T vex Teosty toy yuoutoypqr10dde sepntout #3 






























































































































































dO FONW TIVE 





NOILONULSNOOD XOd GAAOUdIV 


NOLLONULSNOO AFGNn 








OV6G} TE AUVONVE HO SV 


UVIA TVOSIA LNAWAND ONTANAG GALATAWOO 


SLOUfOdd GVOU WAdaaA YO AAVAGNOOAS GIV-TVAAGHA AO SN.LV.LS 





ay 955‘ 296 oLt‘2aty‘6t ears 
g “€OT “t] e°eTt OFT 60 GO tee Gory onong 
QSL" c9T O°It 916‘ Set tt16‘OL¢s ere T6E “tH 26¢ ‘68 TeAsy 
159° = ¢* 0S2°HT Se He 966'8 266‘ 8T o°T 0S‘ 6t ool‘ 96 Abe WORE Stet 
“681 “ST 250 NE 6°ES S°¢2 9° S6T 2aty ‘62g | 0°92 029 ‘982 ol‘ ol Buy Ay 
S8L‘ Sze Hoty O70‘ 6LT 61‘ 6LE L*t O06‘ O9T Snes oefe 968 «one 207 OFT UWISMOOS!I MA 
<6‘ TIT rl 089‘ OL O9e* THT 6°ST 150‘ 0ST SIT ‘00¢ €°8 GLS‘2L OST‘ ST ae 
9SL*20t 8 002"TS 959° 16 6°9T STU TT 26h "tLe | a A £68" SO¢ 663° 89S UO;HUTYSE AA 
T20‘LS¢ 8°02 925 90T o2L‘ <2 g*er oat] ‘sgt 0986‘ S6 S°99 0£6‘9TE tTet’2s99 BrUrBIt A 
69° TS ere 009° ty 00S* SOT £°9 9€£°0S | 262atT9T 9° | £09°69 099‘ ST uous A 
965‘ L62 £°8 g2S“OL O2t ‘Tet | S-9¢ Gol*92T GBt Tee Piel 
tH tT ST ory $6‘ 9ST 998 ‘See T'eIt 668‘ Les tT9‘2Llo‘t T°9S2 862‘ €2t‘T 199‘ 20¢‘2 SExAL 
Log: soot 6L €91°99 126‘2E1 he | g02‘el ott oT L:té 9265 2S¢ 9S‘ ITE Neary 
“192° 80 o* ir % ri "OT B}0% nog 
Fie on | Leze 055'S6 oo “N92 tat isa" geo tit bdo ode bez 6st‘ 296 eee 
Lte‘t/6 bie Ste‘ SL | £97" OSt 2° 8T9‘ Ot 9¢2'Te ae 068° 97 129° £6 gp Rt! 
020° 9¢L 6°0T 050° 67T 00T* 862 Puy TEL* 209 alg‘ Lte"t Ultt 6£9" 820'T 920°L907%@ ae ay 
1ES° LOY 9°8T 00£ ‘99 ogy‘ OTT 9°12 LLU‘ €0T SOS oSe 9°l9 26h‘ Lhe ¢L2*et9 * wo3aI0 
£19‘ ELOft 2 Zgt‘ otfe ole‘ TS <2 £62‘ 922 950° 627 S*Ot GIg* eT | BET‘ o9e ae ERO 
Gee‘ LOT.T 9°2 Zg2*9co*Tt o9e*Lot*2 9°S2 028 *6EE 060° S99 | ory 065° Zig 008° 269 oryo 
G85 ‘990‘T Le 998°S¢ £5699 629 S2 919‘ lth | €°9 OLE‘ 19 Te‘ STT BOY YON 
gtg* THs “TT OTL "16 ost‘ T6t 9°98 g0d* 592 £61 ‘S25 5°16 096‘ S67 BE oe 
£55‘ Tel “aT FALE 02 008°£5S TS etS* 208 G16°999°T 6°06 220° 198 O°6SL°T yi0A MON 
£90‘ Tee TST | 982° 9 19S‘ TOT e°ST 1165°98 tee‘992 Tay €10° 962 260 Sgt OOrXaT, MON 
o¢l‘lo9 8° Goe‘¢ o19’L €*2t | 092‘ 9ST 02S‘OTE Tor GGL ‘HOT | 066 ‘tH E¢ Aaslap MONT 
ZT‘ T6T PE | GSt*ee TZ98°99 TE GT9*6¢ ose‘¢e TyRe g0L*62 9ST T9 DaTysdurep] MON] 
91° 9ee S°S2 06L°2LT 926‘ 002 0°42 G£9‘ SST airy‘ TOT “"-BpBaon 
EGLEESS Ltt 0L6 ‘tet TH6* 62 e°tty 062‘ L9T oat] § SEE 0°S0z HES “HLH 261626 BYSBIGIN] 
L¢6*St6 &*Ge 959° OST GOs "992 8°02 FOE Sb : 8eT BOT FIL I9t TL | 266°SS9 << BUBUOLY 
826°906 oy 9te‘SIt tL‘ ale Ltt 06 ‘0S2 ELE“ 0S G*eeT S06 att | 690‘ 663 LnosstfA] 
or a ga | oF ee steel Sebati 228‘ 196 Lot 0S2‘€et 005‘99¢ Hddyssysshy 
098° 0st" T *et T 0° ze°T6t —6sgeee—tiC«dTCO*HON:«C*|:«COSTLEE——CiC=‘*;CTSGOG CCST wyosouu 
759‘ 808 g°2e 6LE ‘THE 029‘ OTL 6°aty G02‘ 60t/ orton ee: regres aioe : URED 
010° SLS tee COL 16 es O16 06 L as 6s | Sté‘oyt | 655 ‘tg2 ry tise SST ee ON a ee ee 
696‘ ct 8°89 SS¢°98S 000‘ LST gct ste ‘0S 969 ‘Net et LST‘ TIT | T9*6ez2 puvjAaeyy 
T9l‘6ET cS OSt‘t 00g ‘8 G*¢ tte *o¢ 006‘ 89 tse g£0*ST2 | OTL‘ Tet ecren 
___ Tort ry Rice Pea eeLOE OTs woe 196 60d © Mies |= S*ST ae | | LOT 06 = Eee G02 OGt © | eg ) =a) on Oke 122‘ cog ae 
06L‘ 2et7 9°15 eT ‘TET atj0* 19S TLE Tgt ‘Zet Tee" 26S “Yul 02" See mGeO; GOO. eammman | ual . Ayonquay 
Lee‘ Lest S°9l ste" <OT 961° 902 1°6 282062 19S‘ 08S 6° ot] 679 8e og hill spsuvy 
_20L‘etoft L°96T 05S‘ ¢Tt ELT ‘9L98 o‘t0T ote ‘Let Gle‘tLo‘t T°9IT gst § ST O16‘ €0¢ Fas 
otl‘ 916 T°ST 0S6‘T TT 266‘ 622 g°et ae gy 006* 662 JEOUAL 059° £20* 268 puBIpUy 
gle ‘689 0°6¢ GL6‘S0S 0S6‘ TIO‘T L°9S 056‘ ett 00S‘ 866 L°6L 749° 059 TS8‘ QTE *T sTour|] 
_ 66L5 692 g°2t Tet‘ el £99‘ 8eT TS 1S 2Se 17L6* LS Saeed 
660‘ Z0€‘T Sst aul * ee cay Lit 8°6T ol*26 626'T9T T(cOcare TET est | 805°STE - BIB1095 
£05‘ 9S €°T €25°9S gO. ett tetit Log‘ LLT 625° SSE 7 Lt 0SL‘ 692 Lt0‘ gt7S | wpHOld 
GL‘ 60¢ e°l el te LES‘ 69 ° G°LT 190‘ 6¢ €29'0g aavaslad 
geet? Tee 08<* 66 Gee" OT? oe FS6°HS HL2* OTT 62 099°L9 ose'sot ; jnoyoauu0D 
699‘ el2 €°T 6aty 1 205‘ 0€ 6°S etl‘ <or 195° S22 €*te GES‘ TlH 250‘ele OpeI0[OD 
LOS STITT S*6T 22‘ 901 ot76‘ SET tel tet‘ ete | 116‘ 68 T°9¢ treo‘ Lott £LS‘SLe Se 
9£9°19¢ £°9 | 965° Lt eset o'yT gee‘ LIt tle‘ eet tte 916 “tL | 6T9‘08e susuByIy 
219% ett Tee 00S* ze £9e° ES o°9t 6LT‘ 98 L9gz*2et Wee’ 290° 06T TLE‘ S92 ened 
100‘ S29$ o°sty 059‘ 66¢$ 002‘ ¢0gt 6°l2 gt9 ‘oles eee Satls e°L2 159‘ ates Gee * LENS | 
*S.LOaroud ESTiy ie Pry [esapaa aa) aS ea Sr aE Pry [es9paq 3500 TOE Son | Pry Psepeg 3800 T530.L | 
MAN YOd ATaV Pees” poyean3sy 8 pezeunysy ps2 
“TIVAY SANNA | ALV.LS 






U.S. GOVERNMENT PRINTING OFFICE: 1940 
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Any of the following publications may be purchased from 
the Superintendent of Documents, Government Printing Office, 
Washington, D.C. As his office is not connected with the 
Agency and as the Agency does not sell publications, please 
send no remittance to the Federal Works Agency. 


ANNUAL REPORTS 
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10 cents. 
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Rock. 25 cents. 
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Highway Accidents. 10 cents. 
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An Economic and Statistical Analysis of Highway-Construction 
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10 cents. 


10 cents. 
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Single copies of the following publications may be obtained 
from the Public Roads Administration upon request. They can- 
not be purchased from the Superintendent of Documents. 
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No. 296MP. . Bibliography on Highway Safety. 
House Document No. 272 . . . Toll Roads and Free Roads. 
Indexes to PUBLIC ROADS, volumes 6-8 and 10—19, inclusive. 
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No. 1036Y . . Road Work on Farm Outlets Needs Skill and 
Right Equipment. 


TRANSPORTATION SURVEY REPORTS 


Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 

Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 

Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 

Report of a Plan of Highway Improvement in the Regional 
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Report of a Survey of Transportation on the State Highways 
of Pennsylvania (1928). 

Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 


UNIFORM VEHICLE CODE 


Act I.—Uniform Motor Vehicle Administration, Registration, 


Certificate of Title, and Antitheft Act. 


Act II.—Uniform Motor Vehicle Operators’ and Chauffeurs’ 
License Act. 


Act IIJ.—Uniform Motor Vehicle Civil Liability Act. 

Act IV.—Uniform Motor Vehicle Safety Responsibility Act. 
Act V.—Uniform Act Regulating Traffic on Highways. 
Model Traffic Ordinances. 





A complete list of the publications of the Public Roads Ad- 
ministration (formerly the Bureau of Public Roads), classified 
according to subject and including the more important articles 
in Pustic Roaps, may be obtained upon request addressed to 


Public Roads Administration, Willard Bldg., Washington, D. C. 
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